Abstract-A wireless network with beamforming capabilities at the receiver is considered that allows two or more transmitters to share the same channel to communicate with the base station. A novel approach is introduced, which combines the effects of the digital signal processing (adaptive beamforming) at the physical layer withthe traffic policies at the network layer on the overall queuing model of a cell. The effect of signal processing on the queuing model of the cell is represented by a parameter in the final cell model. Each cell is modeled by a multiuser/multiserver service facility, where each server is a beamformed channel formed by the cell's base station. From this effective cell model, we find the closed form solutions for blocking probabilities of the calls and total carried traffic in a wireless netwrok with adaptive arrays. Our analytical as well as numerical results show that adaptive beamforming at the receiver reduces the blocking probability of the calls and increases the total carried traffic in the system. Index Terms-Adaptive beamforming, antenna arrays, handoff queuing, wireless networks.
I. INTRODUCTION
I N A cellular wireless communication network, as a mobile user crosses the boundaries of cells (coverage area of each base station) the call must be handed over to the new base station (BS) that provides the best link quality. This operation is called a handoff and ideally goes unnoticed by the customer [1] , [2] . An important problem arising from the mobility of the customers in a cellular system is the possible blocking of a handoff call [3] - [5] . Namely, we can have a call that was initiated in one cell in the system and moves into a new cell where all the channels (servers) happen to be already occupied by other calls. This entering call will then have to be cleared from the system involuntarily, which is obviously an unpleasant situation for the customer, and it is called forced termination of a call. Such an event results in a disconnection in the middle of a call, which is highly undesirable.
Due to fixed finite resources, we cannot assume that more physical radio channels will be added to a spectrum allocation to reduce the probability of blocking or forced termination [1] . The reallocation of bandwidth is a standards-setting process that takes a considerably long time. The increasing popularity of wireless communication services together with the limited amount of the available radio spectrum calls for highly efficient usage of wireless network resources, including traffic channels [6] , [7] .
The interference reduction capability of antenna arrays have been considered as a means to increase the capacity of wireless systems [8] - [18] . Specifically, using beamforming techniques at the receiver, two or more transmitters can share the same traffic channel to communicate with the base station at the same time. An adaptive antenna array is used at the base station to form several antenna beams simultaneously. Each beam captures one transmitter by automatically pointing its pattern toward that transmitter while nulling other cochannel transmitters [8] , [15] - [17] . In this way, the cochannel interference is minimized, and therefore the signal-to-(interference plus noise) ratio (SINR) for the signal of interest is maximized.
In urban wireless environments, the transmitted signal by each user is reflected by surrounding buildings and the terrain. Therefore several copies of the transmitted signal are received at the base station with different delays and different attenuation associated with each path. This effect is called multipath fading. It is assumed that for each transmitter there are at most strong multipath components received at the base station. An adaptive array with antenna elements forms up to 1 array nulls. In this paper we only consider space-only diversity combining. In our analysis, we assume that there are enough array nulls available to reject the interference caused by cochannel transmitters as well as multipath interference. In a space-time diversity combining, spatial nulls can be used to reject the cochannel interference (CCI), while intersymbol interference (ISI) can be eliminated by time diversity. This paper considers a wireless network with beamforming capabilities at the receiver that allows two or more transmitters share the same channel to communicate with the base station. Each cell is modeled by a multiuser multiserver service facility. Each server is a beam-formed channel formed by the cell's base station. For a set of cochannel transmitters the probability of successful capture by a separate antenna beam is computed. The success probabilities are taken into account in the queuing model of the system. From this generalized model the closed form blocking probabilities of the calls and total carried traffic in the system under different traffic policies are derived.
This paper is organized as follows. A review of spatial multiplexing using adaptive beamforming techniques forms the subject of Section II. A network with omnidirectional antenna and guard channel traffic policy is presented in Section III. A network model with joint beamforming and handoff using antenna arrays and the analysis of blocking probabilities under 0733-8716/00$10.00 © 2000 IEEE guard channel policy are presented in Section IV. Analysis of the network with antenna arrays at the receiver under queuing of handoff calls traffic policy, for an infinite as well finite queue lengths, are discussed in Section V. Numerical results are presented in Section VI. Section VII includes our conclusions and remarks.
II. REVIEW OF SPATIAL MULTIPLEXING USING ADAPTIVE BEAMFORMING
An antenna array is a multibeam adaptive array with its gain pattern being adjusted dynamically [9] . For a fixed beam sectorized antenna and an element antenna array system the antenna gain and system capacity are increased -fold. Nevertheless, the difference is that in a fixed beam system the handoff from one beam to another is the main disadvantage, while in an antenna array system each beam will track its user within the coverage of a cell. Moreover, antenna array systems provide diversity gain against multipath signals and strong interferers by placing antenna nulls toward those sources.
Space and time diversity are used as a means to reduce the CCI and ISI. If the desired signal and the cochannel signals have different temporal or spatial signatures, using time and space diversity can improve the signal-to-noise ratio (SNR). The block diagram of an adaptive array is depicted in Fig. 1 .
In general, the objective is to form the main beam toward the desired user and nulls toward the interference sources as illustrated in Fig. 2 .
We shall use adaptive beamforming capabilities of antenna arrays to maintain a constant gain for the signal along the direction of interest and adjusting the nulls so as to reject the cochannel interference. In this way the interference is minimized and SINR for the signal of interest is maximized. A single base station equipped with an element adaptive array is considered. Assume there are cochannel users in the cell. Let for denote the th transmitted signal. We assume that at most multipath signals from each user would arrive in the base station with different delays . Therefore the received signal vector would be (1) where is the arrival direction of the th multipath signal from the th user, is the power of the th transmitter, is the link gain between the th transmitter and the base station, is the th path fading, is a zero mean Gaussian random vector with variance of each element , and is the array response to the multipath signal arriving from direction with (2)
A. Space Diversity Combining
In a system with adaptive arrays, a weighted sum of the received signals is combined at the output of beamformer as illustrated in Fig. 3 (3) where denotes the index for the signal of interest, is the weight vector, and is the received signal vector sampled at the output of the down-converters.
B. Minimum Variance Distortionless Response (MVDR)
We can choose the weight vector to steer a beam toward the direction of signal of interest and adjust the nulls to reject the interference. This is done by maintaining a distortionless response in the direction of interest and placing the nulls in the directions of other cochannel interferers. The average output power is given by The correlation matrix due to the interference terms is defined as (6) As was pointed out before, if the array response to the direction of the desired user is known, the beamformer tries to minimize the variance of the beamformer output subject to maintaining a distortionless response in the direction of interest such that . For this reason, this adaptive beamformer is called an MVDR [11] beamformer. Now from (4) and (5) along with the constraint that , the received signal power plus the interference power as a function of is
Let denote the total interference plus noise power given by (8) In (7), is the received power from the signal of interest while given by (8) is the contribution to the output power from the interference and noise. The optimum weight vector for the MVDR problem is given by (9) Since the desired signal (arriving along ) will not be affected by the beamforming process and only the interference is rejected, the SINR is maximized for the signal in the direction of interest, i.e., (10)
C. Minimum Mean-Square Error (mMSE)
If the array response is not known, we can employ a training sequence and minimize the difference between the training sequence and the output of the beamformer in mean square sense, that is (11) The solution to this problem is given by [11] ( 12) where is defined as before and is the cross correlation between the received vector and the training sequence;
. The maximum CIR in this case is given by (13) III. NETWORK WITH OMNIDIRECTIONAL ANTENNA AND GUARD CHANNELS TRAFFIC POLICY
In this section we review the traffic policies proposed in [4] and [5] that can help to decrease the blocking probability of handoff calls, while not penalizing the originating calls too much. In this paper, the following assumptions are made for the network model.
• We regard a cell as a service facility with, say, physical channels. Two types of traffic are handled by the cell: the handoff calls and the originating calls. Once a call is in progress, its original type (handoff or originating) cannot be distinguished.
• Poisson (memoryless) arrivals for originating calls with rate equal to per second (i.e., originating calls have an exponential interarrival time distribution with parameter ).
• Poisson arrivals for handoff calls with rate equal to per second (i.e., handoff calls have an exponential interarrival time distribution, with parameter ).
• Exponential (memoryless) service time, on the average equal to 1 s. The service time refers to the entire call duration, assumed independent of the number of handoffs to other cells.
• Exponential handoff service rate with rate equal to per second per call (i.e., the average duration between two consecutive handoffs is 1 ). The guard channels traffic policy is the blocking of newly originating calls as soon as channels among the initial channels are still free. This allows us to build a guard band before handoff calls will be blocked, which will happen only when all channels are occupied. In what follows, this policy is quantified in order to illustrate the usefulness of the guard channel concept. First we define some useful notations (14) We recall that is the total service rate, is the arrival rate of originating calls, and is the arrival rate of the handoff calls. So can be considered as the total traffic offered to the cell, and is the handoff traffic offered to the cell. is the number of guard channels, and it is desired to determine an appropriate value of in order to protect handoff calls from high blocking without increasing the blocking of originating calls too much [4] , [5] . This system is a simple blocking system with memoryless arrivals and memoryless service time, as well as state-dependent arrival rate. Namely, the arrival rate into the cell is equal to if we have fewer than customers present in the system, and simply equal to (corresponding to handoff calls) if we have or more customers in the system. The number of users in the system for forms a discrete Markov chain with the state transition diagram shown in Fig. 4 .
For the state probabilities, , we have (15) where (16) The blocking probability of originating calls is then given by (17) Similarly for the handoff calls, we have the blocking probability given by
IV. NETWORK WITH ADAPTIVE ARRAY AND GUARD CHANNELS TRAFFIC POLICY
In this section we analyze the network with adaptive array under guard channels traffic policy [5] . Fig. 6 illustrates our proposed channel assignment policy. From Fig. 6 , it is clear that first users are assigned to physical channels. If all physical channels are busy, the new call will be served by one of the beam-formed channels, using the following algorithm. It is assumed that upon arrival of the th call, the adaptive array points one beam toward that user, and one beam-formed channel (associated with one of the physical channels) will be assigned to that call. Each of the physical channels can serve up to different calls by separate beams. This is feasible by deploying beamformers in parallel for each channel, as shown in Fig. 5 . In this setup, a maximum of calls can be served in the cell.
Let us assume that ( 1) cochannel transmitters successfully share the same channel. The newly arrived th transmitter is allowed to share that channel with other cochannel calls if , where is given by (10) and the threshold is a system parameter determined by the governing standard. For instance, in the IS-54 standard, is 14 dB, while in AMPS it is 18 dB. To avoid degradations, a call admission control (CAC) mechanism is devised. If or , that user is not accepted into the system. The probability of the event in the system would yield the success probability that the th transmitter can share the same channel, given that 1 transmitters are already using that channel. Clearly the success probability depends on and determined by the following parameters: distribution model of the users over the coverage area of the base station, path loss model of the system, which determines the link gains; 's, threshold , and SNR. In this paper, we will assume that the mobile terminals are uniformly distributed around the base station over the circular plane with normalized radius 1. For the path loss, we assume that the level of a terminal at the base station will be proportional to 1 , where is the distance between the terminal and the base station. The exponent will be a number between two and about five -. Considering the complex probabilistic structure of the problem due to beamforming process, it is very hard, if not impossible, to compute the success probabilities directly. For this reason, we resort to Monte Carlo simulations to obtain the success probabilities. Success probabilities close to one are expected for high SNR. On the other hand, for low to medium SNR's, the success probabilities are expected to increase as the number of antenna elements increases or threshold decreases. Our simulation results confirms the above heuristic results. Figs. 7 and 8 illustrate Monte Carlo simulation results for the success probabilities and , for two-and three-beam adaptive arrays respectively, where denotes the number of antenna elements. It is worth mentioning that the success probabilities obtained through simulations are valid for uplink as well as downlink. However, in this paper, the success probabilities are used for deriving the overall queuing model at the base station. Therefore, they are used for uplink analysis only. Now let us compute the probability of successful admission to the system, using . Since there are distinct channels in the system and each channel may be reused up to times, we define the probability of successful admission of the ( 1)th user into the system given that there are already users in the system as (19) where is the number of users in the system at time before a new call (user) arrives into the system and is the time index, which increases by one at each epoch corresponding to a new handoff or originating call. For a -beam adaptive array system, let denote the beamformed channels occupancy vector, where denotes the number of physical channels, which have at least beams, and . Furthermore, based on our channel assignment policy illustrated in Fig. 6 , . Essentially, the channel occupancy vector represents the number of calls assigned to beamformed channels. From Fig. 6 , it is easy to show that first incoming calls will be assigned to the physical channels with success probability for . If there are more than simultaneous calls in a cell, they are served by beamformed channels.
As an example, consider a three-beam adaptive array with 2 users in the system. Then the channel occupancy vector could be either (2, 0) or (1, 1). Fig. 9 (a) and (b) illustrates this situation. Now there are two possibilities for the transition from 2 to 3 users in the system, i.e., new channel occupancy vector could be either (3, 0) or (2, 1). Fig. 9 (c) and (d) illustrates this situation. Now for the general case, let denote the number of users in the system at time , i.e.,
. Then the number of users in the system at time 1 after the transition (accepting one new call into the system) satisfies , where denotes new channel occupancy vector, and . The channel assignment policy illustrated in Fig.6 starts from the channel with smallest index , which has the smallest number of beams . The first beamformed channel that satisfies the link quality will be assigned to the new call.
Let denote the probability of successful admission of the ( 1)th call into the system, i.e., with , given where and . From (20) , shown at the bottom of the page, we can compute the success probabilities for the -beam adaptive array as follows: (21) In view of (21), success probabilities can be computed recursively starting from state . These results will be used in the numerical results section to compare traffic/throughput improvements in a system with two-and three-beam adaptive arrays with that of a system with a single omnidirectional antenna. In our network model setup, the effective arrival rate into the cell at state is [19] (22) Similarly, the effective service rate in the system at a given state , is
Let , denote the number of users served in a wireless network using adaptive antenna arrays. The number of users in such a system forms a Markov chain with state transition diagram shown in Fig. 10 .
It is worth mentioning that the network model in [5] , which assumes an omnidirectional antenna at the base station will be a special case of our generalized model with , with for , which results in the same model presented in Section III. Using the results of queuing theory [19] , [20] we have for
From (24), it readily follows that for (25)
Now from (22), (23), and (25), the state probabilities are shown by (26) where is
The blocking probability of originating calls is then given by (28)
As we can see from (28), blocking probability of originating calls consists of two terms. The term is due to the fact that originating calls are blocked if there are or less free channels in the system. The term in (28) represents the blocking probabiltiy due to unsuccessful beamformings.
Similarly, for the handoff calls, we have the blocking probability given by (29)
As mentioned, in a network with an omnidirectional antenna, a handoff call is blocked if and only if all channels in the cell happen to be busy. In a wireless network with smart antennas at the base station, there is a possibility of blocking handoff calls due to unsuccessful beamformings. This effect is taken into account in (29) through . The second term in (29), , is the contribution to the blocking probability when all the beamformed channels are busy. In the numerical results section, the blocking probabilities given by (17) and (18) will be compared to those derived for the network with an adaptive array at the base station given by (28) and (29).
V. NETWORK WITH ADAPTIVE ARRAY AND QUEUING OF HANDOFF CALLS
In this section, we investigate other traffic policies that further decrease the blocking probability of handoff calls at the expense of slightly increasing the blocking probability of originating calls [5] , [21] . We first assume that infinite queues are allowed for handoff calls. The state balance equations can then be easily derived. Three distinct cases have to be distinguished, corresponding to the three possible behavior of the system. 1) All customers are served without any distinction of type.
2) Originating calls are blocked and handoff calls are served.
3) Originating calls are blocked and handoff calls are queued. More precisely, we have the following relations:
(30) From the above relations between the state probabilities obtained from the state transitions, we easily derive the exact ex-(31) (32) pressions of the state probabilities. Namely, we get (31), shown at the bottom of the page, where is given by (32) at the bottom of the page. Being now provided with the state probabilities as given by (31), we can compute the blocking probability for originating calls, as shown in (33) at the bottom of the page. We can remark that due to the fact that handoff calls are allowed to be queued, is slightly greater than the previous , even in the case , because all handoff calls present in the queue will be served prior to any originating call. This will be more illustrated in the numerical results section. Furthermore, the fact that we assume infinite queuing capacity for handoff calls implies that handoff calls will be blocked only due to unsuccessful capturing after beamforming process. This blocking probability would beIn the case that the number of active calls in the cell exceeds , any new handoff call will be queued in an infinite queue. We will treat the more realistic case of finite queue length later, and we will also estimate the average waiting time experienced by handoff calls. Since handoff calls are queued, we shall compute the probability that a handoff call being delayed. This quantity is easily obtained from the state probabilities given in (31) by (35), shown at the bottom of the page.
We can also obtain the probability of a handoff's being delayed more than a certain time . This probability is the sum over all possible values of finding customers in the system, times the probability that there are fewer than departures from the system in time . The departure process from the system when all servers are busy is a Poisson process with rate ,. i.e., see (36) at the bottom of the page. We start the calculation by computing the density function of the waiting time of a handoff call. Namely, a handoff call will have a waiting time between and if it finds customers in the system upon its arrival, if ( ) depart within time , and if another one departs between time to . For a given value of , this probability is given by (37)
The expression for the density function of the waiting time of a handoff call is obtained by summing for all values of in the above expression multiplied by the probability of finding customers in the system, as shown in (38) at the bottom of the next page. After integrating (38), we obtain the probability that a handoff call waits more than a certain time . Namely, we get (39) where is given by (35). It is interesting to note that the waiting time turns out to be conditionally memoryless, given that the system is busy. From (38), the average delay for handoff calls is (40)
We recall that we decided to introduce the possibility of queuing handoff calls, in order to further decrease their blocking proba- bility, but we were also hoping for a small average waiting time. An example of the behavior of the average waiting time of the handoff calls in a network with adaptive array at the base station is provided in the numerical results section. From these results, we can see that guard channels are efficient in decreasing the average waiting time of handoff calls, making the possibility of queuing handoff calls useful. However, what we are really interested in is the average delay of handoff calls that actually do experience a delay. This conditional delay is simply obtained by dividing the overall average delay given by (40) by the probability of being delayed given by (35). This quantity turns out to be independent of the number of the guard channels and is equal to (41) Now it is clear that increasing the number of guard channels will only decrease the number of handoff calls that have to be queued, without reducing their average delay. An important result implied by (41) is that is inversely proportional to the number of adaptive beams . For instance, if
. Therefore, the average delay experienced by handoff calls in a network with -beam adaptive array is times smaller than that of the network with a single omnidirectional antenna. The need for a small waiting time comes from the fact that we want the queuing process to go nearly unnoticed by a customer involved in a call.
We now investigate the case where queuing is again allowed, but the queue size is more realistically taken to be finite, equal to some integer . We are hoping that the queue size limitation might help decrease the average waiting time of calls that are delayed, since long delays come from customers that find a large queue ahead of them upon their arrival. However, limiting the size implies that a blocking probability for handoff calls will again appear. The only change in the state probabilities is that they are now equal to zero for strictly greater than . On the other hand, the state probabilities for are still given by (31), and the only modification needed is the expression for . Namely, we have (42), shown at the bottom of the page, where is given by
Now the blocking probability for originating calls (where denotes the length of the queue) is equal to (44) As a check, (44) reduces to (33) if we let and to (28) if . Similarly, for handoff calls we can compute the blocking probability introduced by the finite queue length . We have (45) Again, we can check that (45) reduces to (34) if and reduces to (29) if we let . We can also derive the probability for a handoff call to be delayed, as shown in (46) at the bottom of the page. Equation (46) gives zero for and reduces to (35) if we let as we expected. Last, we want the probability that a handoff call is delayed more that seconds. As in the case of infinite queue length, we start by deriving the density function of the waiting time of handoff calls. The computations are completely parallel to the one that led to (38) except for the fact that we now only consider the case ; we get (47) After integration, this gives the desired expression for the probability that a handoff call be delayed more than (48) Equation (48) can be checked to reduce to (38) when we let . This is best seen by realizing that for the expression gives the same expression as (38), since we have 
We can now obtain the average delay given handoff calls are delayed simply by dividing the above expression for by , as given in (46). We find that it is again independent of the number of guard channels , as we expected, and is equal to (53) In Section VI, the average delay of handoff calls for a network with adaptive arrays and finite queue size , given by (53), is to be compared with the average delay of handoff calls with infinite queue size given by (41).
VI. NUMERICAL RESULTS
In this section, we present the numerical results to show the effectiveness of the network with adaptive arrays for traffic/throughput improvements in a wireless network. We evaluate the performance of the system with parameters drawn from [5] . We choose a cell with channels with a total offered traffic Erlangs (heavy traffic) and a handoff traffic Erlangs. The link gain is modeled as , where is the distance between the base station and the th mobile.
Figs. 11 and 12 illustrate blocking probabilities given by (18) and (29). From Figs. 11 and 12, it is clear that for a given SNR and threshold , as the number of antenna elements increases, the decreases. These numerical results confirm that using a two-beam (three-beam) adaptive array at the base station, doubles (triples) the system capacity for a reasonably large . Blocking probabilities of originating calls in a three-beam adaptive array system with the same parameters and SNR is illustrated in Fig. 13 . Fig. 13 also illustrates the blocking probabilities of handoff calls versus number of antenna elements . From Fig. 13, as increases, decreases rapidly. An important consequence of deploying adaptive arrays at the base station is the significant improvement in the total carried traffic (actual traffic that goes through) in the system. It means that a network with an adaptive array can effectively handle higher offered traffic intensities , compared to the network with single omnidirectional antenna. The carried traffic is of great importance for most communication systems because blocked calls basically waste the network resources. Higher carried traffic means a smaller number of blocked calls. It is therefore highly desirable to maintain high total carried traffic in the network. The total carried traffic in the system is (54) where is the total carried traffic in the system, is the total offered traffic, and is the total handoff traffic in the system. Fig. 14 illustrates the effect of adaptive array on the total carried traffic in the system. In this example, it is assumed that there are channels available in the system. The total offered traffic is 130 Erlangs, and the total handoff traffic is 8 Erlangs. The total carried traffic for a different number of antenna elements in a three-beam system is plotted in Fig. 14 . Fig. 14 confirms that a network with a three-beam adaptive array almost triples the capacity compared to network with an omnidirectional antenna and the same number of physical channels.
We also compare the average delay of handoff calls that actually do experience a delay, and (with ), given by (41) and (53) In any case, we see that from the traffic characteristic point of view, the network with an adaptive array outperforms the network with a single omnidirectional antenna.
VII. CONCLUSION
A wireless communication network with beamforming capabilities at the base station is considered, and the blocking probabilities of the calls in the system under different traffic policies for such a network are derived. A novel approach is introduced that combines the effects of the digital signal processing (adaptive beamforming) at the physical layer and the traffic policies at the network layer on the overall queuing model of a cell. The effect of signal processing on the queuing model of the cell is represented by a parameter in the final cell model. The usefulness of adaptive arrays for improving the traffic characteristics of the network is confirmed through analytical as well as numerical results. Since wireless networks are witnessing a huge growth and becoming very popular, therefore adding new physical communication channels to the system becomes infeasible in most cases. The result of our analysis confirms that wireless networks with adaptive arrays are very promising in terms of traffic improvements in the network.
